University, changchun, People's republic of china *These authors contributed equally to this work Purpose: To investigate the therapeutic effects and potential mechanisms of icariside II (ICA II) on reversing diabetic nephropathy in streptozotocin (STZ)-induced type I diabetic rats. Methods: Newborn male Sprague Dawley rats were labeled with thymidine analog 5-ethynyl-2-deoxyuridine (EdU) for tracking endogenous label retaining progenitor cells (LRCs). At age of 8 weeks, 48 rats were randomly divided into three groups: normal control group (n=16), diabetes mellitus group (DM; n=16), and diabetes mellitus plus ICA II therapy group (DM+ICA II, n=16). Eight weeks induced for diabetes with STZ, rats in DM group and DM+ICA II group were treated with vehicle or ICA II (5 mg/kg/day) for another 8 weeks, respectively. Then, blood creatinine, 24-hour urine protein, blood urea nitrogen, and glycosylated hemoglobin were measured, as well as the expression of von Willebrand factor, malondialdehyde, transforming growth factor-β/ drosophila mothers against decapentaplegic protein/connective tissue growth factor (TGF-β/ Smad/CTGF) signaling, marker of proliferation Ki-67, and EdU+ LRCs in renal tissues. Results: Increased levels of creatinine, 24-hour urine protein, and blood urea nitrogen and remarkably decreased proportion of normal glomeruli and increased proportions of I, IIa, IIb, and III glomeruli were observed in diabetic rats, while ICA II could reverse these changes. Interestingly, ICA II could significantly downregulate the levels of malondialdehyde and TGF-β/Smad/CTGF signaling and increase the expression of von Willebrand factor, Ki-67, and EdU+ LRCs in the kidney. Conclusion: ICA II treatment could ameliorate diabetic nephropathy in STZ-induced diabetic rats by increasing endothelial cell contents, downregulating TGF-β/Smad/CTGF signaling pathway and oxidative stress level, and promoting cell proliferation both in kidney cortex and medulla. These beneficial effects appear to be mediated by its antioxidant capacity and recruitment of endogenous EdU+ progenitor cells into the kidney tissue.
Introduction
Diabetic nephropathy (DN), a major complication of diabetes mellitus (DM) in both type I and type II, is a leading cause of end-stage renal disease in the clinic. Progression of DN is featured as glomerular hypertrophy, expansion of the mesangial matrix, and thickening of glomerular and tubular basement membranes. 1, 2 The hallmark of proteinuria, glomerulosclerosis, and tubulointerstitial fibrosis is highlighted in later stages of the disease. Although a number of key factors such as oxidative stress, 3 glucose, 4 advanced glycation end products, 5 glomerular hypertension, 6 and various signal transduction have been implicated in the pathogenesis of DN, however, the exact mechanisms involved in this complex process have not been well elucidated; therefore, no specific therapies for this condition have been developed. 
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Tian et al It is putative that various signaling pathways mutually take part in the progression of DN. Transforming growth factor-β (TGF-β) signaling pathway, as one of the key factors, has been shown to play a critical role, which regulates the extracellular matrix (ECM) accumulation of kidney to promote the renal glomerulosclerosis and inflammation in diabetic rat model. 7 It is well known that drosophila mothers against decapentaplegic protein (Smad) is one of the downstream signaling molecule of TGF-β, and phosphorylation of Smad2 and Smad3 is associated with the expression of fibronectin and collagen IV in the DN. 8 Interestingly, connective tissue growth factor (CTGF) also acts the downstream molecule of TGF-β and regulates the invasive new vessel formation and plays a role in angiogenesis and fibrosis in the DN. 9, 10 Many recent studies have demonstrated that stem cell therapy was a powerful tool to prevent and treat DN in diabetic rat models. 11 Mesenchymal stem cells (MSCs) treatment ameliorates podocyte injury and proteinuria and has been shown to be effective in DN. 12, 13 However, insufficient source, invasive procedures, ethical, and regulatory issues hampered their use in clinical applications. Fortunately, endogenous stem/progenitor cells resident in organs and tissues play critical roles for organogenesis during development and for tissue homeostasis in adulthood. It is worth to note that even without any therapeutic intervention, human body possesses a robust self-healing capability to repair damaged tissues or organs. Therefore, stem cells for DN therapy should not be limited to a supply side approach; the resident endogenous stem cells existing in patients could also be a potential target for DN therapy. Actually, many studies indicated that the recruitment of MSCs plays an pivotal role in the progression of DN.
14 Very recently, to localize and track the endogenous progenitor cells, label retaining progenitor cell (LRC) strategy has been successful used in investigating the effects of low-energy shockwave therapy on improving erectile function and tissue damages in a streptozotocininduced diabetic (STZ-DM) rats model. 15 Herba Epimedii, a traditional Chinese medicine, has been extensively utilized for the treatment of many diseases including sexual dysfunction, 16, 17 osteoporosis, 18 cardiovascular diseases, 19 and cancer. 20, 21 Icariin is one of the most abundant flavonoids in Herba Epimedii 22 and has been demonstrated a protective effect on the early stage of experimental DN in STZ-DM rats via modulating TGF-β in rats, suggesting the important role of TGF-β/Smad signaling in the benefit of DN. 23 Icariside II (ICA II, C 27 H 32 O 10 , molecular weight [MW] 514.54 kDa), the bioactive form of icariin, lacks a glucose moiety at C-7 and is more bioavailable than icariin. 24 In this study, thymidine analog 5-ethynyl-2-deoxyuridine (EdU) was used for tracking the putative endogenous stem cells in the kidney. Furthermore, we investigated the feasibility and underlying mechanisms of ICA II in reversing DN in a rat model of type I DM. 
Materials and methods animals and treatments
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immunohistochemistry and periodic acid-schiff staining
Freshly dissected kidney tissue was fixed for 4 hours with cold 2% formaldehyde and 0.002% picric acid in 0.1 M phosphate buffer and were subsequently embedded in paraffin and cut into 4-µm sections using a rotor microtome. The slices were then washed in phosphate-buffered saline (PBS) for 5 minutes and were incubated in 0.1% Triton X-100 and 5% goat serum for 30 minutes. Then, the sections were incubated with anti-endothelial cell antibody (1:200, Abcam, Cambridge, MA, USA) overnight at 4°C in a humidified chamber. The slides were subsequently incubated with the secondary antibody using the MaxVision TM horseradish peroxidase-polymer anti-rabbit immunohistochemistry (IHC) kit (Maixin Company, Fuzhou, People's Republic of China). Next, we used the paraffin sections for periodic acid-Schiff (PAS) staining (Loogene Biotechnology Company Ltd., Beijing, People's Republic of China). Glomerulosclerosis was quantified on PAS-stained sections based on four hierarchical glomerular lesions with a separate evaluation for degrees of interstitial and vascular involvement as described previously (The descriptions of four classes of glomerular lesions in DN are class I, mild or nonspecific light microscopy changes and electron microscopy-proven glomerular basement membrane thickening; class IIa, mild mesangial expansion; class IIb, severe mesangial expansion; class III, nodular sclerosis [Kimmelstiel-Wilson lesion]; and class IV, advanced diabetic glomerulosclerosis). 25 The assessments were independently carried out by two researchers in a blinded manner.
Immunofluorescence and EdU staining
Freshly harvested kidney tissues were fixed for 4 hours with cold 2% formaldehyde and 0.002% picric acid in 0.1 M phosphate buffer, followed by overnight immersion in buffer solution containing 30% sucrose. Tissues were then frozen in optimum cutting temperature compound (Sakura Finetek, Torrance, CA, USA) and stored at -80°C until use. Sections were cut at 5 µm, adhered to charged slides, and subjected to immunofluorescence and EdU staining.
For immunofluorescence staining, the slices were then washed in PBS for 5 minutes and were incubated in 0.1% Triton X-100 and 5% goat serum for 30 minutes. Primary antibodies was rabbit anti-von Willebrand factor (vWF) antibody (1:200, Abcam) and rabbit anti-marker of proliferation Ki-67 (Ki67) antibody (1:200, Abcam). After rinsing thrice with PBS, the sections were incubated with Texas Red-conjugated secondary antibody (Vector Laboratories, Burlingame, CA, USA). Nuclear staining was performed with 4′,6-diamidino-2-phenylindole (DAPI).
EdU staining was performed according to the instruction of Click-IT reaction cocktail (Invitrogen, Carlsbad, CA, USA). In brief, frozen tissue sections (5 µm) were placed 0.3% Triton X-100 in PBS for 20 minutes. After rinsing twice with PBS, the tissue sections were incubated with the cocktail reagents for 30 minutes at room temperature. Then nuclear staining was carried out with DAPI after washing twice with PBS.
Western blotting
The renal tissue was homogenized in lysis buffer (Keygen Biotech, Nanjing, People's Republic of China) on ice for 15 minutes. Protein samples at 20 µg were loaded onto the 10% SDS-PAGE gel and then transferred onto polyvinylidenefluoride (PVDF) membranes. Anti-TGF-β1 (1:1,000, Abcam), anti-Smad2 (1:1,000, Abcam), anti-phospho-Ser-467-Smad2 (1:500, Abcam), anti-CTGF (1:500, Abcam), and anti-GAPDH (1:1,000, Abcam) antibodies were used to incubated with the membranes overnight at 4°C. Then horseradish peroxidase-conjugated secondary antibodies incubated the membranes for 1 hour at room temperature. Enhanced chemiluminescence regents (Immobilon Western, EMD Millipore, Billerica, MA, USA) were used, and data were collected by C-digit machine (LI-COR Biosciences, Cambridge, UK).
Image analysis and quantification
Images of immunofluorescence and EdU staining were captured using a digital camera (DMI6000B, Leica Microsystems, Nussloch, Germany), and images of IHC and PAS staining were captured using a digital camera (DM2500, Leica Microsystems); then images were imported into ImagePro plus software (version 6.0, Media Cybernetics Inc., Bethesda, MD, USA) for calculating the mean density and dot numbers of each sample. The integrated density value of each protein band of Western blotting images was analyzed with ImageJ software (version 1.46r, ImageJ, National Institutes of Health, Bethesda, MD, USA).
statistical analysis
Statistical analysis was performed with the SPSS 17.0 software. Data were expressed as mean ± standard deviation. Multiple groups were compared using one-way analysis of variance followed by the Tukey honest significance test post Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Results
ica ii improved kidney functional indexes in sTZ-DM rats
The body weight, blood glucose level, 24-hour urine protein, Cr, BUN, and HbA 1c of the rats are presented in Table 1 . The body weights of the STZ-induced rats were significantly lower than those in the NC group. In addition, the serum glucose, 24-hour urine protein, Cr, BUN, and HbA 1c in the DM group were significantly higher compared with those in the NC group. However, no significant differences in body weight, blood glucose level, and HbA 1c levels were found between the DM group and DM+ICA II group. Conversely, diabetic rats treated with ICA II showed an attenuated renal function injury (24-hour urine protein, Cr, and BUN) in comparison with the STZ-induced DM group rats (Table 1) .
glomerular lesions in renal tissues were improved by ica ii
The kidney diagnosed as DN are classified for four progressive types of class I, IIa, IIb, III, and IV grade based on glomerular lesions, with a separate evaluation for interstitial and vascular lesions as described by Tervaert et al. 25 There are no class IV grades of DN in our present model. Quantitative analyses showed that the percentage of normal glomerulus in the diabetic rats remarkably decreased, and the proportion of I, IIa, IIb, and III glomerulus significantly increased compared with the NC group. Moreover, administration of ICA II in diabetic rats remarkably improved the percentage of normal glomerulus and decreased the proportion of class I, IIa, IIb, and III grade compared with the DM group (Figure 1 ).
ica ii increased renal endothelial contents in sTZ-DM rats
The expression of vWF, one of the most important endothelial markers, was detected by immunofluorescence staining in renal tissues. Results shows that STZ injection resulted a significant decrease of vWF expression in the DM group compared with the NC group. Significant recovery of the vWF expression was observed in diabetic rats treated with ICA II (Figure 2 ).
antioxidant effects of ica ii in diabetes
STZ induced a significant increase in the level of MDA compared with that in the NC group, suggesting a clear lipid peroxidation in the kidney tissue of STZ-induced diabetic rats. Administration of ICA II significantly attenuated the MDA levels in the kidney tissues of the diabetic rats. However, there was still a significant difference in MDA levels between the NC group and the DM+ICA II group (Figure 3 ).
regulating TgF-β/smad/cTgF signaling in sTZ-DM rats by ica ii Upregulation of TGF-β/Smad/CTGF signaling had been implicated in mediating the glomerulosclerosis, matrix expansion, and fibrosis in DN. To evaluate the effects of ICA II on TGF-β/Smad/CTGF signaling, Western blotting was performed to evaluate the expression of TGF-β1, P-Smad2, Smad2, and CTGF. It was confirmed that TGF-β/Smad/ CTGF signaling was activated in the STZ-induced rats compared with that in the NC group; interestingly, those signaling was significantly suppressed when the diabetic rats were treated with ICA II (Figure 4) .
cell proliferation by the expression of Ki67
Cell proliferation in renal tissues was assessed as expression of Ki67. As shown by automated microscopy, proliferation index (Ki67/DAPI) was significantly decreased in the STZinduced DM group when compared with the NC group, whereas ICA II significantly increased the expression of Ki67 in the DM+ICA II group ( Figure 5 ).
edU labeling and retaining in renal tissues
LRC is a frequently employed strategy for the identification of resident or migrated stem cells in postnatal tissues. In this study, we used LRC to detect the putative endogenous stem cells by injection of EdU in neonatal animals, followed by tracking EdU in kidney tissues. The data showed that EdU+ cells in the kidney mainly reside in the medulla. The number 
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icariside ii ameliorates diabetic nephropathy of EdU+ cells in the kidney (medulla and cortex) significantly decreased in the STZ-induced DM group rats when compared with NC, while administration of ICA II could significantly increase the number of EdU+ cells in kidney ( Figure 6 ).
Discussion
DN is a major diabetic complication that leads to the severe end-stage renal diseases. There is still no effective preventative or therapeutic approaches until now. In this study, a diabetic rat model was established and used for evaluating the therapeutic effects of ICA II on DN and its potential mechanisms. In previous studies, icariin has been demonstrated to attenuate the Cr, urinary albumin excretion, and BUN, but not serum glucose in STZ-DM rats. 23 It was consistently observed in our present study by ICA II administration, confirming that ICA II alleviates DN by other ways, 
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Tian et al but not by lowering glucose. In addition, the concentration of MDA increased in STZ-DM rats model compared with that of the NC group in the current study was consistent with reports from other research groups. 26 In the present study, we found that the endothelial content detected by the expression of vWF in glomeruli was significantly reduced in the STZ-induced rats when compared with the NC group. However, the administration of ICA II could significantly increase the endothelial content. Oxidative stress has been found to play an important role in the development and progression of DN, while hyperglycemia is the main cause of the formation of reactive oxygen species, which is involved in the production of oxidative damage. 27 Excessive oxidative stress in the vascular and cellular milieu results in dysfunction of endothelial cell. Oxidative damage in the STZinduced diabetic rats was ascertained in the present study. Lipid peroxidation was assessed in renal lysate by measuring the MDA level. STZ treatment induced a significant increase in the level of MDA compared with that in the NC group. ICA II treatment could significantly attenuate the MDA levels in the kidney tissues of STZ-induced rats. These results indicated that the antioxidant capacity of ICA II may play an important role in the improvement of epithelial content. Previous researches have demonstrated that TGF-β is one of the most important mediators in the development of (A and B) The protein bands and quantification levels of GAPDH and TGF-β1 detected by Western blotting; (C and D) the protein bands and quantification levels of gaPDh and P-smad2, and smad2 detected by Western blotting; (E and F) the protein bands and quantification levels of GAPDH and CTGF detected by Western blotting. GAPDH was used as the internal standard in each sample. Quantification of protein levels was expressed as mean with standard deviation in each column (n=8 per group). *P,0.05 versus nc group and # P,0.05 versus DM group. Abbreviations: cTgF, connective tissue growth factor; DM, diabetes mellitus; ica, icariside; nc, normal control; ica, icariside; smad, drosophila mothers against decapentaplegic protein; TgF, transforming growth factor. mesangial dysfunction of DN, 10 which regulates at least 60 ECM-related downstream genes including Smad and CTGF. Our previous study has showed that TGF-β/Smad/CTGF pathway involved in the changes of the corpus cavernosum of diabetic rats with erectile dysfunction. 28 Upregulation of phosphorylation of Smad2 and Smad3 leads to tissue fibrosis in several diseases including diabetes. Furthermore, CTGF intervenes the fibroblast proliferation, migration, adhesion, and ECM deposition. It has also been reported that TGF-β inhibited endothelial cell proliferation and migration via the Smad pathway, whereas inhibition of the receptor kinases for TGF-β facilitated proliferation of embryonic stem Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Tian et al cell-derived endothelial cells. 29, 30 Hence, TGF-β/Smad/CTGF pathway has been recognized as a potential target to prevent or treat the DN. In the present study, TGF-β/Smad/CTGF signaling pathway was activated in the STZ-induced rats compared with the NC, but it was significantly suppressed when the diabetic rats were treated with ICA II.
EdU, a replacement for BrdU, has recently been used for tracking MSCs. EdU labeling in adipose-derived stem cells (ADSCs) has been confirmed that it was nontoxic to ADSCs and did not interfere with the differentiation, cytokine secretion, or migratory response of ADSCs to stromal cell-derived factor-1. 15 Ki67, a nuclear protein that, is thought to be required for maintaining cell proliferation, is present during all active phases of the cell cycle, and is a cellular marker for proliferation. The present study shows that diabetic rats with ICA II administration had a significantly higher number of Ki67+ cells and EdU+ progenitor cells in both kidney cortex and medulla than those in the DM group, which indicated a possibility of recruitment of progenitor cells. The mechanism of why and what kind of cell was proliferated exactly in the kidney need to be further investigated in future study.
In summary, the present study showed that STZ-induced DM is associated with DN, which shows a decreased epithelial content, activation of TGF-β/Smad/CTGF signaling pathway, increased oxidative stress level, and impaired renal function, and ICA II was able to functionally and structurally restore these changes. Furthermore, we also showed that these beneficial effects from ICA II were possibly mediated by its antioxidant capacity and increased recruitment of endogenous stem cells into the kidney tissue. Taken together, these results suggest that ICA II could be a new prospective therapeutic agent for treatment of DN. However, it should be cautioned that the present study is still preliminary and required further validation. Specifically, the identification, properties, and effective mechanism (differentiation or paracrine effects) need to be investigated.
Conclusion
ICA II treatment significantly ameliorates DN in STZinduced diabetic rats by increasing endothelial cell contents, downregulating TGF-β/Smad/CTGF signaling pathway and oxidative stress level, and promoting cell proliferation both in kidney cortex and medulla. These beneficial effects appear to be mediated by its antioxidant capacity and recruitment of endogenous EdU+ progenitor cells into the kidney tissue. These results demonstrated that ICA II could be a promising new modality to prevent or postpone DN.
